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Abstract. There is an increase in the use of hygrothermal models to 
complete the performance evaluation of walls assemblies, either in respect 
to design of new assembles or the retrofit of existing wall assemblies. To 
this end there are guides available in which is provided information on 
moisture loads to wall assemblies. This includes, for example, Criteria for 
Moisture-Control Design Analysis in Buildings given in ASHRAE 160, 
Assessment of moisture transfer by numerical simulation provided in EN 
15026, and NRC’s “Guidelines for Design for Durability of the Building 
Envelope”. The designer of a new assembly or evaluator of an existing 
wall is tasked with having to determine what moisture loads to apply to the 
wall and where to apply this load within the assembly. Typically there is 
little or no information that is readily available regarding moisture loads to 
walls and thus the suggested hourly moisture load, as given in ASHRAE 
160, is 1% by weight of the total driving rain load to the wall (i.e. kg/m2-
hr). In this paper, a brief compendium of water entry test results derived 
from laboratory tests of various types of wall assemblies is provided from 
which estimates of moisture loads to different types of wall can be 
developed. Water entry test results are given of wood frame walls typically 
used in housing, but also metal-glass curtain walls and other commercial 
wall assemblies, where possible, in terms of driving loads to the wall.  
1 Introduction  
There is an increase in the use of heat air and moisture (HAM) transport models to 
complete the performance evaluation of wall assemblies, either in respect to design of new 
assembles or the retrofit of existing wall assemblies. The implications of adequate 
management of moisture in wall assemblies on the durability, resilience and energy 
efficiency of walls has been by properly described by Weston [1]. Given the importance of 
ensuring the moisture performance of wall assemblies to achieve their long-term 
performance, reliance on HAM models has been increasingly evident in recent years for 
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this task. There are numerous examples of the use of HAM models to assess the moisture 
performance of various types of wall assemblies, too many to cite here; however, fewer 
examples exist as relate to estimating the service life of wall assemblies.  
To this end there are guides available which provide information on moisture loads to 
wall assemblies. This includes, for example, Criteria for Moisture-Control Design Analysis 
in Buildings given in ASHRAE 160 [2], Assessment of moisture transfer by numerical 
simulation provided in EN 15026 [3], and NRC’s “Guidelines for Design for Durability of 
the Building Envelope” [4]. The designer of a new assembly or evaluator of an existing 
wall is tasked with having to determine what moisture loads to apply to the wall and where 
to apply this load within the assembly. Typically there is little or no information that is 
readily available regarding moisture loads to walls. A common method, as given in 
ASHRAE 160, is 1% by weight of the total driving rain load to the wall (i.e. kg/m2-hr) 
applied to the exterior surface of the sheathing membrane/water resistive barrier. This load 
is applied agnostic of wall type or construction details (or potential defects) and details are 
not necessarily provided as to which instances this 1% may be conservative or an 
underestimate. Considering the multitude of cladding types that exist in building stock (i.e. 
Masonry stone and brick structures and masonry veneer wall assemblies, Concrete panels 
with rainscreen joints, Metal-glass or metal-panel curtain walls, ETICS (Exterior Thermal 
insulation composite system), EIFS (Exterior insulated finish system), Wood and hardboard 
siding painted cladding, and Vinyl (PVC) siding cladding) the relevance of assuming the 
1% value needs to be understood, especially in the case of potential cladding defects. 
Boardman & Glass [29] introduced defects through which only wind-driven rain could 
penetrate, resulting in water entry rates smaller than 1% of the impinging rain on the 
exterior surface. Sahal & Lacasse [28], however, introduced defects through which water 
entry was recorded caused by gravity alone, resulting in water entry rates much larger than 
1%. The significance of using a static 1% water entry factor irrespective of the severity of 
the wind driven rain (WDR) event also requires qualification. In general, water infiltration 
has been recorded without any pressure difference over the wall assembly if openings or 
deficiencies were present at the exterior surface of the wall assemblies. This implies that the 
hydrostatic pressure of the runoff film is an important parameter for water infiltration to 
occur. Therefore, a higher spray rate, i.e. a thicker runoff film, results in a higher water 
entry rate, as well as a cascading rate on the exterior surface compared to a spraying rate. 
Measurements conducted by Recatalá, Morales & Van Den Bossche [23] on ventilated 
facades showed a parabolic correlation between the spray rate and the infiltration rate. This 
emphasizes the sensitivity of the applied rain loads on the water entry rate. Also the applied 
wind pressure difference over the exterior surface of the wall assembly has an impact on the 
water entry rate. A reduced airtightness of the air barrier causes an increase in the pressure 
difference over the other layers of the wall assembly, resulting in an increased impact of the 
wind-driven rain and increased water entry rates. If the cavity behind the rainscreen is not 
pressure equalized or if no cavity is apparent, the water entry rate will increase for 
increasing pressure difference. Cyclic test sequences resulted in lower pressure equalization 
values, especially for wall assemblies with low pressure equalization and small openings in 
the rainscreen. Water ingress was therefore recorded at lower pressure differences and 
higher water entry rates were measured.  
The information in this paper is primarily focused on presenting a brief compendium of 
water entry test results derived from laboratory tests of various types of wall assemblies 
from which estimates of moisture loads through the cladding can be developed. However, 
examples are also given on how to determine the moisture load to the cladding due to WDR 
from local climate data. The water entry test results are given primarily of wood frame 
walls typically used in housing, but also metal-glass curtain walls and other commercial 





wall assemblies, where possible, in terms of driving loads to the wall. Information is also 
provided as to where in the assembly to apply the moisture load.  
Methods to assess moisture loads due to WDR on exterior cladding surfaces 
— Much information has been published as relates to WDR loads on buildings as may 
occur around the globe. Lacy and Shellard [5] were perhaps the first to provide such type of 
information as might be used for modelling. More recent efforts include: Cornick & 
Lacasse [6], who provided information as relates to Canada and the US; Giarma and 
Aravantinos [7] for Greece; Pérez-Bella et al. for Spain [8] and Chile [9]; Domínguez-
Hernández et al. for Brazil [7] and for the UK, Orr & Viles [11]. These references provide 
methods by which the WDR load to the cladding can be assessed, given appropriate local 
climate data information. 
As well, considerable information now exists of runoff of water from vertical building 
surfaces. For example, Blocken & Carmeliet [12] and Blocken, Derome & Carmeliet [13] 
have provided a highly useful review on this topic and have thereafter offered approaches 
to its implementation in HAM models [14]. The proposed methods offer insight into how 
moisture loads on the exterior of the cladding can vary, and how to consider effects of 
runoff in hygrothermal simulations. 
2 Overview of water infiltration of wall assemblies 
What occurs thereafter in respect to wind-driven rain impinging on vertical building 
surfaces and the risk to water infiltration entirely depends on the nature of the cladding or 
wall surface, the presence of openings or deficiencies in the wall through which water can 
enter, and pressure differences across openings. In a porous substrate, such as stone 
masonry veneer, water is taken up by capillary action and sorption occurs towards the 
interior of the masonry unit and inwards of the cladding. Sorption is enhanced at locations 
between adjacent panels should interstitial spaces be small and capable of sustaining 
capillary action. Whereas, for example in brick masonry veneer, small cracks exist between 
the mortar and the brick unit, and water is preferentially taken up in these openings at this 
interface. 
Given that water infiltration in the plane of the exterior cladding is not uncommon, but 
neither is it considered typical as compared to water entry at through-wall penetrations, 
information thus ought to as well to be provided for penetrations of walls as they represent 
point sources of infiltration water that can likewise been simulated. Thus, for each cladding 
type there are associated details regarding the installation of through-wall penetrations such 
as windows (i.e. fenestration products), ventilation ducts and electrical outlets. 
Additionally, consideration should also be given to water infiltration at joints in the 
cladding. The following information is provided as a summarised overview on water 
infiltration of different wall assembly types, as well as infiltration of fenestration products, 
ventilation ducts, and joints; more detailed information can be found in the references.   
An overview of water infiltration rates of wall assemblies is given in Table 1. The water 
infiltration is described in terms of different wall types as well as different through-wall 
penetrations, such as windows, pipes and ventilation ducts, and the infiltration of water 
through joints of walls. Where possible, information has been given on rates of water 
infiltration at specific pressure differences; when not available information has been 
provided on the range of infiltration rates observed from test. 
Water infiltration of “generic” wall assemblies — Studies of water infiltration of 
“generic” walls have been undertaken through the process of developing watertightness test 
standards. In this regard work by Lacasse et al. [15] undertook infiltration tests of water 
entry through deficiencies located at the top of a ventilation duct, an electrical outlet and at 
adjacent lower corners of a vinyl window incorporated in a prototype wood-frame cavity 





wall. This prototype wall was fabricated in three layers of clear acrylic plate such that it 
included a cladding and rainscreen, a barrier acting as second line of defence, and an air 
barrier.  






Table 1.  Overview of water infiltration rates of different wall assemblies tested in laboratory conditions 
Wall types, through-wall penetrations (windows, ducts and 
pipes) and joints  
Water infiltration  
(L/min.) @ ΔP References 
 0 Pa 75 Pa 150 Pa 300 Pa 
Masonry brick structures (Horizontal 1 mm slit) - 0.06 0.36 0.42 Calle & Van Den Bossche [22] 
Masonry brick veneer (single wythe) wall assemblies  
(rainscreen or direct applied) 
0.004 0.010 0.021 0.042 Van Den Bossche, Lacasse & Janssens [18] 
Masonry panels - ventilated facades (rainscreen cladding) 








Recatalá, Morales & Van Den Bossche [23] 
Metal-glass curtain wall (EN12155: runoff 72L/h-m; 90L/h-m²) 0.05 0.05 0.055 0.062 Van Den Bossche et al. [21] 
ETICS (Exterior Thermal insulation composite system) - - - - Molnar et al. [26, 27]  
EIFS (Exterior insulated finish system) - - - - Lacasse et al. [15] 







Swinton et al. [36] 
Wood, hardboard, fibre-cement siding cladding - 
<0.01 0.01 0.02 Sahal & Lacasse [26] 
<0.01 - - Boardman & Glass [29] 

















Lacasse et al. [31, 26] 
Van Den Bossche & Janssens [33] 









Lacasse et al. [15] 









Lacasse et al. [15] 
Sealed panels joints with deficiencies - 0-.004 0-0.008 0-0.016 Lacasse, Miyauchi and Hiemstra [35] 






The deficiencies located in the cladding and elsewhere in the assembly were subjected 
to simulated precipitation (water spray) concurrent with either static or dynamic pressure 
differentials across the assembly. The amount of water entering deficiencies of known size 
at specific locations on a wall assembly was quantified given simulated precipitation (water 
spray) rates, wind pressure differentials and air leakage characteristics of the assembly. 
Measured rates of water entry through both the deficiency at the electrical outlet and at the 
top of the ventilation duct were significant when no pressure was applied, implying that 
water entry occurred due to gravity. Water entry varied linearly as a function of the 
simulated rate of precipitation and increased in proportion to the static pressure difference.  
Dynamic pressure fluctuations resulted in the same water entry rates as those obtained 
under static pressure conditions.  
Van Den Bossche et al. [16], completed similar work but at a reduced scale in 
which infiltration rates were quantified for specific circular opening sizes considering 
various static pressure differences and water deposition rates on a vertical surface. Water 
started flowing through the 1 and 4 mm openings at a pressure difference of 600 Pa. Water 
infiltration was however already recorded without any additional pressure difference for the 
8 mm openings. For increasing pressure, the water entry rate through the 8 mm openings 
increased. Significantly larger infiltration rates were measured for leaky air barriers and 
dynamic pressure fluctuations compared to tight barriers. With a tight barrier the pressure 
difference over the rainscreen equals almost 0 Pa, reducing the water entry rate. Also the 
larger openings result in better pressure equalization and lower pressure differences over 
the rainscreen.  
Water infiltration of masonry wall assemblies — Grimm [17] provides a useful 
starting point for acquiring information related to water permeance of masonry walls 
whereas Van Den Bossche, Lacasse & Janssens [18] offer a more recent and highly relevant 
overview of the watertightness of masonry walls complete with ranges of water infiltration 
rates. The literature review of laboratory experiments showed a wide range of measured 
values for water infiltration through brick veneer walls (between 0% and 20%). The results 
of some field tests however, showed water infiltration rates between 0% and 3.4%.  
The watertightness of masonry cavity walls having blown-in insulation is described by 
Van Goethem, Van Den Bossche & Janssen [19]. In general, the water infiltration rate 
increases for an increasing pressure difference. All test samples, except the samples filled 
with PUR-foam already showed water infiltration without any pressure difference. This 
indicates that the water spray rate and the occurrence of runoff are the most significant 
parameters for water infiltration. The masonry cavity filled with PUR-foam almost 
eliminated water ingress. The cavity filled with EPS-beads, however, showed a high rate of 
water ingress.  
The infiltration of rain in historic brickwork is less well understood however, Calle & 
Van Den Bossche provide some information on this topic [20].  
Water infiltration of curtain-walls & ventilated facades — Few studies have been 
published on the water infiltration performance of curtain wall systems and typical failure 
phenomena; the work described by Van den Bossche et al. [21] helps fill this void. Several 
cases studies were reviewed and the results indicate that curtain walls systems seem 
susceptible to water ingress. Results from their experimental work on a curtain wall system 
are presented and analysed in terms of the amount of water infiltrated into the cavity as 
measured during both static and cyclic water infiltration tests. The amount of water ingress 
did not show any correlation with the overall pressure differential over the system, 
indicating that the main force causing water to infiltrate past the first barrier is the 
hydrostatic pressure exerted by the runoff film. Cyclic test sequences resulted in water 
ingress to the interior at lower pressure differences and at greater rates as compared those 
obtained under static test sequences. Cyclic pressure fluctuations resulted in lower pressure 





equalization values, resulting in water ingress into the interior at lower pressure differences 
as compared to static pressure differences. 
In respect to ventilated facades, a good many problems occur in rainscreen walls having 
natural stone coverings [22]. In this respect, Recatalá, Morales & Van Den Bossche [23] 
provide useful information on quantities of water that can percolate through open joints. 
The laboratory test results showed that 49.7% of the sprayed water splashes back, 22.5% 
created a runoff film along the exterior surface, 27.3% infiltrated into the air cavity, and 
0.54% reached the exterior surface of the thermal insulation layer. For a high airtightness 
level of the air barrier, the applied pressure differences did not have any impact on the 
measured water infiltration rates. However, for a leaky air barrier, the pressure moderation 
was not as rapid as for the tight air barrier. The correlation obtained between the spray rate 
and the infiltration rate fitted to a parabolic function.  
Water infiltration of ETICS & EIFS wall assemblies — Several studies have been 
completed on determining moisture performance of ETICS [e.g. 24, 25] and EIFS wall 
assemblies. Fewer studies have provided information related to water infiltration, although 
work by Molnar et al. provides some qualitative information [26, 27]. In all tests, water 
infiltrated through an artificial crack in the render and resulted in discharge of water 
through: the render-insulation interface, at joints between the insulation sheets, at 
mechanical fasteners and at localized areas on the back side of the insulation sheets. The 
combined effect of a water film running down along the exterior surface and the pressure 
created by the wind caused water to infiltrate through the cracks.  
For EIFS walls, information related to water infiltration can be found in Lacasse et al. 
[15]. Certain walls did not exhibit any signs of water penetration into the stud cavity due to 
drainage mechanisms installed in the walls, such as, vertical grooves in the adhesive layer 
or grooves in the EPS. The wall without any drainage mechanism appeared to be the most 
affected by water penetration in the bulk of the wall cladding. Most of the infiltrating water 
was observed beneath windows. 
Water infiltration of wood, hardboard and vinyl siding — Sahal & Lacasse [28] 
report on the experimental assessment of water infiltration and entry rates into hardboard 
siding-clad wall assemblies typical in North American construction. The water infiltration 
was characterised in respect to rates of entry for selected water deposition rates on the wall 
surface and air pressure differential across the wall. Water entry through the deficiencies 
occurred even when there was no pressure difference across the specimen. Increase in water 
entry rate was dependent on the increase in spray rate. Cascading water rates on the 
cladding surface resulted in higher rates of water entry. The presence of the water film in 
the vicinity of the deficiency acted as a barrier, increasing the driving pressure across the 
cladding. The driving pressure was further increased when the amount of water deposition 
increased on the cladding.  
In a similar fashion, Boardman & Glass [29] describe an apparatus used to deliver 
realistic wind-driven rain loads at two wind (pressure) conditions and a range of rain 
intensities onto an exposed rainscreen lap-siding wall. Results are presented as a function of 
the intensity of water spray, the location of deposition on the wall, and wind speed. Three 
defects were introduced by sliding a wedge up between the lap siding. Rain intrusion was 
not measured past well-installed lap siding. Wind-driven rain with a significant wind speed 
was required to see rain intrusion through the defects. Therefore, much smaller water entry 
rates were measured than the rates measures by Sahal and Lacasse [28].  Results from 
either of these studies are markedly different given the defects through which water 
infiltrated and the simulated loads to which the walls were subjected; in some instances 
entry rates reported by Boardman & Glass [29] are 1/1000 that of Sahal & Lacasse [28]. 
From the results Boardman & Glass [29] suggest that modelling using a 1% intrusion rate 
may be too high.  





Water infiltration at windows and fenestration products — A number of studies 
have been completed regarding water infiltration at windows, including those completed by 
Lacasse et al. [15], in which water entry rates of deficient windows installed in a number of 
different typical wood-frame wall assembly types were characterised in respect to rates of 
entry, air pressure differential across the wall, and the wall air leakage rate. Thereafter, a 
series of studies were completed of water infiltration at window penetrations in respect to 
different window installation methods typical of North American construction for various 
wood-frame wall assemblies; these have been published in Lacasse et al. [30, 31]. The 
results indicate that water enters even when no pressure is applied. The water collection 
rates at the windowsill increased with: increasing spray rate, increasing pressure difference, 
and reduced airtightness of the air barrier.  
Similar work was carried out by Lopez, Masters & Bolton [32], however results were 
reported in a qualitative manner (the time to leakage under set conditions was reported) 
compared to quantitative assessments provided in Lacasse et al [15].  
Results of water infiltration of windows following European building practice and test 
methods can be found in the work of Van Den Bossche & Janssens [33]. Results of air and 
watertightness tests of different windows (vinyl, aluminum, and wood frame) are provided. 
Results of water infiltration are given in respect to the range of pressures at which 
infiltration was observed for the different windows investigated.  
Water infiltration at ventilation ducts, pipes and electrical outlets — 
Information regarding water infiltration at ventilation ducts and electrical outlets 
incorporated in various types of wood-frame wall assemblies typical of North American 
construction practice can be found in Lacasse et al. [15]. 
Water infiltration at wall joints — Few studies have been published regarding water 
infiltration at joints in building structures hence this topic has, to date, been insufficiently 
covered. Nonetheless work has been published by Sasaki and Platts [34] regarding the 
water entry through vertical wood batten joints between plywood insulated panels. In their 
study, testing was conducted using a wetting rate of 0.85L/min-m2 (51 mm/hr-m2) at a 
pressure difference of 137 Pa over a 15 minute period; only the presence of leakage across 
the joint was noted. Lacasse et al. [35] in completing hygrothermal studies of wall 
assemblies focused on determining the effects of failed sealed joints by incorporating 
deficiencies (openings) along joints as locations for water entry in the wall. For example, if 
the crack length in a joint of an actual building is known or verified from a field inspection, 
an estimate of the rate of water leakage can be calculated by using the information given in 
Lacasse et al. [35], provided information is also given on the expected climate loads acting 
on the façade. 
3 Moisture source for hygrothermal simulations 
Determining the rates of water entry for each infiltration case described in the previous 
section, and summarized in Table 1, as a function of pressure, enables one to determine 
water entry rates for hygrothermal simulations. However, the knowledge of appropriate 
rates of water entry for a given infiltration condition or wall assembly type is not the only 
information required for completing hygrothermal simulations, one needs to determine 
upon which surface the wall assembly to the water infiltration as a moisture source. When 
using the results of water entry tests as a moisture source input to hygrothermal simulations, 
it is important to understand the specific approach that was adopted in the test 
configuration. The approach used in water entry tests should match that which is being 
simulated, i.e. WDR loads, airtightness level, pressure equalization rate, cavity width, 
capillary break etc., and should be as close as possible to that which is being assessed in the 
simulations. Additionally, any discrepancies or assumptions which exist between the test 





values used to determine the moisture source for the simulations, and the configuration 
being simulated, should be noted. 
As stated previously, ASHRAE S160 recommends that the water entry is placed on the 
exterior surface of the sheathing membrane/water resistive barrier, assuming that the 
infiltration makes it through the cladding and to the surface of the WRB. This may be 
considered a conservative approach, especially in the case in which a cladding system 
incorporates a capillary break. The majority of water infiltration is then most likely to 
remain on the interior surface of the cladding, although some water entry could be assumed 
to bridge the capillary break through cladding penetrations such as vent pipes and electrical 
outlets. Although in a common sense approach this is the case, it is difficult to determine 
the division of water entry in these cases. From a conservative standpoint, it is likely best to 
assume the entire moisture source occurs on the exterior surface of the sheathing board, as 
per ASHRAE S160. However further research is required to recommend any potential 
division of moisture source between surfaces. Regardless, any assumptions on the division 
of water entry between surfaces should be clearly stated in any hygrothermal simulation 
work. 
The authors are indebted to the National Research Council Canada, Construction Research Centre, 
Ottawa, and as well the Department of Architecture and Urban Planning of Ghent University (BE), for 
having supported the work described in this paper. 
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